Abstract
Emulsions are increasingly being utilized for encapsulating and delivering 57 bioactives at targeted locations in the gastrointestinal tract [1] . A wide variety of 58 lipophilic bioactives, including vitamins (D, E), carotenoids, flavonoids, phytosrerols, 59
polyunsaturated lipids or flavours have been encapsulated in colloidal systems [2] [3] [4] [5] [6] . 60
Emulsions as delivery vehicles allow sustained release and protection from degradation 61 during storage of lipophilic bioactive components that are incorporated into the 62 hydrophobic core of the lipid droplets. Furthermore, protection of the bioactive from 63 environmental conditions (e.g., gastric fluids) when it is loaded in the internal phase of 64 the emulsions is another advantage that may result in more efficient delivery. 65
Emulsions are most commonly formed using proteins or low molecular weight 66 surfactants. The problem with such molecules when used as emulsifiers is that they have 67 limited resistance to the gastric environment (e.g., proteases or low pH). These factors, 68 among others, alter the surface composition and change the properties of the colloidal 69 system [7, 8] . It is important, therefore, to control the physical stability within the 70 stomach as a means to control the rate of release at the desired location (e.g., intestines or 71 colon). Surface behaviour of emulsions can be tailored using surface-active 72 polysaccharides with contrasting physical properties. Pectins from okra and sugar beet 73 have unusual fine structures compared with other common pectin sources (e.g., citrus or 74 apple), as they are highly acetylated and highly branched with variable amounts arabinan 75 side chains and ferulic acid residues that ultimately control their functional properties [9-76 11]. Using pectin to engineer the oil-water interface could be favourable, as it is resistant 77 to enzymatic digestion in the upper gastrointestinal tract (e.g., mouth and stomach), 78 using the surface-weighted mean diameter (d 3,2 ), volume-weighted mean diameter (d 4,3 ) 125 and span. 126
The physical properties of n-alkanes required for the calculations of theoretical 127 (ω th ) Ostwald ripening rates in the emulsions were taken from literature [17] [18] [19] . 128 Solubility (c r→∞ ) was 2.3  10 -5 and 9.3  10 -8 (mol m water interfaces stabilized by 0.1% w/v OP6 or OP2, respectively. Interfacial tension 134 measurements were performed as described in section 2.5. 135
Interfacial composition analysis 136
Interfacial composition analysis was performed by determining protein, pectin 137 and acetyl contents at the of oil-water interface. Emulsions were ultracentrifuged at 138 60000g for 1 h (Optima L-100K ultracentrifuge, rotor 50.2 Ti, Beckman Coulter, USA) 139 until equilibrium phase separation conditions were achieved and serum was collected 140 using a syringe. The interfacial composition was evaluated as the protein, pectin or acetyl 141 concentration difference between the pectin solutions (i.e., aqueous phase before 142 emulsification) and serum solutions. The interfacial tension of the n-hexadecane-or n-dodecane-water interfaces 155 stabilized by 0.1% w/v OP2 and OP6 was measured using a profile analysis tensiometer 156 (PAT-1D, SINTERFACE Technologies, Berlin, Germany) at 20 C. The n-alkane-water 157 interfaces were equilibrated for 2 h and subjected to large-amplitude oscillatory 158 dilatational deformations. The amplitude sweeps were performed stepwise from 2-50 % 159 strain at a frequency 0.1 Hz. Lissajous plots were constructed by plotting the surface 160 Kingdom) was used to localize pectin at the alkane-water interface and LM4 (non-pectin 165 specific antibody) was used as a negative control. 166
Pectin aqueous phases with OP2 (1.67% w/v) were prepared in 10 mM PBS, pH 167 7.4. A drop of OP2 solution was placed on a microscopy slide and dried using Bunsen 168 burner. Dried sample was fixed using 10% formalin solution buffered in 10 mM PBS. 169
Following the washing step, samples were blocked with 5% BSA in 10 mM PBS. The 170 immunolabeling of pectic epitopes started with incubation of the samples with the 171 primary antibody (LM19 was used as 5-fold dilution of a hybridoma supernatant) 172 overnight at 4 C followed by a washing step in PBS (three times for 5 min). LM19 was 173 visualized using secondary labelling with anti-rat IgG coupled to fluorescein 174 isothiocyanate (FITC) (Sigma-Aldrich, St. Louis, USA). The secondary antibody was 175 diluted 1:5 in PBS and incubation was performed for 2 h at room temperature. 176
In order to use the probes for in situ immunolocalisation of pectin at the alkane-177 water interface, OP2-stabilized emulsions (1.5% w/v) were prepared using high-speed 178 homogenizer (IKA T18 basic, Ultra-Turrax, Germany) for 2 min. Monoclonal antibody 179 LM19 (100 μL, diluted 1:5) was added to 0.5 mL of coarse emulsion and left overnight at 180 4 C. Subsequently, the secondary antibody IgG-FITC (100 μL, diluted 1:5) was added 181 and emulsions were incubated for 2 h at room temperature. Emulsions were then 182 centrifuged at 14100g for 25 min (MiniSpin Plus, Eppendorf, Hamburg, Germany) in 183 order to separate the droplets from the continuous phase. Immunostained emulsion 184 droplets (diluted 1:10) and OP2 solutions were visualized using an Olympus IX70 185 microscope (Olympus, Optical Co. Ltd, Tokyo, Japan) equipped with epifluorescence 186 illumination and using 10x and 40x oil immersion objectives. FITC was excited at 490 187 nm and emitted signal was collected between 528 and 538 nm. Image acquisition and 188 analysis were performed with SoftWoRx software (Applied precision Inc. Table 1 ). Additionally, the rheological measurements of OP2-stabilized 219 emulsions ( Figure S1b ) revealed a considerable increase of zero-shear viscosity during 220 ageing that is attributed to depletion flocculation caused by pectin desorption from the 221 interface during coarsening. 222
Overall, OP6-stabilized emulsions exhibited remarkable stability during ageing as 223 opposed to the OP2-stabilized counterparts. Contrasting stabilities of this magnitude 224 pronounce that differences in the fine stucture and conformation at low pH of the isolated 225 polyelecrolytes play a predominant role in the emulsification capacity. In the following 226 sections we delve further into the molecular mechanisms of instability in an effort to shed 227 light on the structure versus function relation of these intricate biopolymers. Table  270 2). Conversely, emulsions fabricated with OP2 demonstrate appreciable increase in 271 coarsening kinetics on replacing n-hexadecane with n-dodecane (Figure 2 shown that the change in ripening rates is several orders of magnitude higher for n-275 dodecane than n-hexadecane, something that was not reflected by the experimental 276 growth rates (ω exp ) ( Table 2) . 277
Taking everything into account, it has been shown that pectin-stabilized 278 emulsions evolve under complex destabilisation mechanisms that could be characterized 279
by Ostwald ripening in conjunction with coalescence. Pectin fine structure controls the 280 interplay between these two mechanisms as greater degree of branching of OP6 (HG/RG 281 ratio, Table S1) responsible for these striking differences in their stability. 297
Interfacial composition analysis 298
The interfacial activity of pectin and ability to stabilize emulsions are attributed to 299 the molecular weight, methoxyl and acetyl content, degree of branching, presence of 300 ferulic groups and proteinaceous components in the biopolymer backbone [34-36]. Table  301 3 shows the interfacial composition of OP2 and OP6-stabilized n-hexadecane-in-water 302 emulsions revealing that comparable amount of acetyl was adsorbed at the interface in 303 both systems. These results are also in a good agreement with the chemical composition 304 data that report marginal differences in the concentration of acetyl groups (Table S1) . 305
Since both biopolymers have similar amounts of acetyl adsorbed at the interface as well 306 as absence of ferulic acids these two parameters do not seem to be responsible for the 307 differences in emulsification capacity and emulsion stability. 308
Protein surface coverage of OP6-stabilized emulsions was 1.6 mg m -2 a value 309 five-times higher than that of the OP2-stabilized emulsions (0.3 mg m -2 ). Protein content 310 is comparable in both samples (Table S1 ) and differences in protein adsorption suggest 311 that accessibility of the protein to the interface and its amino acid composition influence 312 the emulsification properties of the present samples. Previous studies also reported that 313 the pectin fraction adsorbed at the interface was significantly enriched in protein and 314 played a key role in emulsion stabilizing capacity [36-38]. However, protein surface 315 coverage alone cannot explain the striking differences in the stability of emulsions, as it 316 will be discussed below. The surface coverage with pectin in OP6-stabilized emulsions 317 was 9.4 mg m -2 whereas OP2 systems had considerably lower pectin interfacial load (3.3 318 mg m -2 ). Surface coverage with pectin in OP6-stabilized emulsions was higher than 319 previously reported for sugar beet pectin [36, 38] (~ 7.5 mg m -2 ) at the same polymer 320 concentration and comparable with depolymerized citrus pectin (~ 9.8 mg m -2 ) [38] . 321
Comparison of the amount of adsorbed protein and pectin indicates that the 322 interfaces are dominated by the presence of pectin. This is further supported by the 323 negative ζ-potential values at pH 2.0 for both emulsions denoting that the n-hexadecane-324 in-water interface has similar electrical properties to that of the continuous phase (Figure  325 S4). Low ζ-potential values for fresh OP2 and OP6 stabilized emulsions also indicate that 326 electrostatic repulsions do not have significant effect on the overall stability of the 327 dispersions. As a consequence, the proteinaceous components, as an integral part of the 328 samples, anchor pectin at the n-alkane-water interface, the polysaccharides protrude out 329 into the continuous phase and provide an effective steric barrier [36, 37] . Multilayer 330 adsorption has been previously reported for the naturally occurring polysaccharide-331 protein complexes, such as arabic gum and sugar beet pectin [39] . Furthermore, the 332 higher pectin interfacial load in OP6-stabilized emulsions and higher degree of branching 333 of OP6 (Table S1 ) denote the presence of more effective steric barrier than in OP2-334 stabilized emulsions. These results are in a good agreement with ageing data of OP6-335 stabilized emulsions that showed negligible droplet growth with time in comparison to 336 the OP2 counterparts (Figures 1, 2 ; Table 1) . 337
Interfacial rheology at the n-alkane-water interface 338
The analysis of interfacial composition suggests that a thin biopolymer film is 339 formed in emulsions stabilized with OP2 that could lead to mechanically weak interface. 340
On the other hand, emulsions stabilized with OP6 demonstrated higher interfacial loads 341 resulting in formation of thicker interfacial layers that hinder droplet growth. Therefore, 342 n-alkane-water interfaces stabilized by OP2 or OP6 were subjected to large-amplitude 343 oscillatory dilatational deformations in order to evaluate the mechanical rigidity of the 344 adsorbed layers. Lissajous plots of surface pressure versus deformation were constructed 345 in order to analyse the nonlinear dilatational behaviour (Figure 4 (Table S1 ). These 373 results combined with the interfacial composition analysis (Table 3) stressed that images were z-projected and therefore, they demonstrate the network (in 398 case of solutions) and droplet (in emulsion) in three dimensions from top to bottom of the 399 image plane (Figures 5, Figure S5) . 400
Conclusions 401
The influence of molecular architecture of pectin on emulsifying capacity has 402 been investigated by means of an array of complimentary physical and chemical analyses. 403
It has been shown that pectin exhibits interfacial activity and stabilises emulsions by 404 formation of elastic protein-polysaccharide bilayers that prevent droplet growth. Protein 405 component, which is inevitably present, is not the predominant factor responsible for 406 emulsion formation and stabilisation. 407
Remarkable long-term stability of emulsions was achieved only with pectin 408 extracted at high pH values (pH 6) due to the highly branched nature and low 409 hydrodynamic volume of its chains that contribute to effective steric stabilisation whereas 410 acetyl and methyl contents do not contribute to the long-term stability. On the contrary 411 emulsions stabilised with pectin extracted at low pH (pH 2) destabilise rapidly following 412 a complex mechanism that has been identified as combination of Ostwald ripening at the 413 initial stages followed by coalescence. The present work uncovered the link between the 414 fundamental molecular properties of pectin with its interfacial functionality, as a first step 415 to engineering bioresponsive emulsions that can operate at low pH environments. 416 Adsorbed acetyl (%) 9.7  0.4 9.1  0.6
Adsorbed protein (mg m 
